Abstract: This paper presents an effective method to detect damage in truss structures. Numerical simulation and experimental analysis were carried out on a damaged truss structure under instantaneous excitation. The ideal excitation point and appropriate hammering method were determined to extract time domain signals under two working conditions. The frequency response function and principal component analysis were used for data processing, and the angle between the frequency response function vectors was selected as a damage index to ascertain the location of a damaged bar in the truss structure. In the numerical simulation, the time domain signal of all nodes was extracted to determine the location of the damaged bar. In the experimental analysis, the time domain signal of a portion of the nodes was extracted on the basis of an optimal sensor placement method based on the node strain energy coefficient. The results of the numerical simulation and experimental analysis showed that the damage detection method based on the frequency response function and principal component analysis could locate the damaged bar accurately.
Introduction
With the development of prefabrication and the mechanized construction of truss structures, more and more buildings are adopting a truss structure. However, the weight of equipment is increasing. Under the long-term action of moving loads, bolts loosen, rods bend and trusses fracture due to local damage, which can easily lead to a catastrophic accident. It is difficult to locate damage owing to the large number of structural members. Therefore, it is very important to identify the location of damage in a truss structure accurately.
Adams [1] and Cowley have detected damage in structures by collecting parameters related to frequency, accurately determining the damage location by using the ratio of the corresponding frequency changes before and after the structure was damaged. Numerical simulation of a simple cable has been carried out by Zheng Minggang et al. [2] , frequency response function (FRF) curvature has been used and who found that after a damage index had been selected, FRF curvature could determine the damage location and damage degree sensitively. Yang and Wu [3] detected damage in a simple model using the acceleration frequency response function. The analysis of a combined T-shape beam was carried out by Zhang [4] , who used the difference between the matrices formed by the frequency response function of the structure before and after damage as the basic parameter. At the same time, principal component analysis (PCA) was used for dimensionality reduction. Numerical analysis of the cantilever beam model was carried out by Li and Yu [5] , who detected damage using the frequency response function of the structure and achieved satisfactory accuracy of damage identification.
There has been many research on structural damage detection based on the frequency response function, but most of the research is aimed at the simply-supported beam, cantilever beam and bridge structures. Research on damage detection in truss structures is scarce. Therefore, in this paper, a method of damage detection in truss structures will be researched by means of numerical simulation and experimental analysis.
Basic Theory

Frequency Response Function
The transfer function is the ratio between the output signal and the input signal in a structure and is one of the functions used most widely to describe the vibration characteristics of a structure.
After Laplace transformation, the multi-freedom vibration equation can be simplified as:
After Fourier transformation, the above equation can be written as follows: 
Principal Component Analysis(PCA)
Assuming that there are n samples, and each sample contains m indexes, the original data matrix 
Numerical Simulation Model and Working Condition Setting
Parameters of the model are as follows: The span of the truss structure is 3m 5 m, the truss structure contains 60 nodes and 174 rods and the size of all member sections is Φ42mm 2.5 mm. Q235 steel was selected, the elastic modulus is E=200GPa. In the numerical simulation, the self-weight of the rod was transferred into the equivalent node load without considering dust, snow or wind loads. Two conditions are defined in this paper. Condition I: no damage to any members; Condition II: damage has just occurred in rod 34; the ends of the rod are node 7 and node 16, as shown in Figure 1 . 
Acquiring the Time Domain Signal and Matrix Dimensionality Reduction
In this paper, the finite element analysis software SAP2000 was used for numerical analysis. The sampling frequency was 512 Hz and the sampling time was 2 s. Using MATLAB, frequency domain signals were derived from the time domain signals based on the Fourier transform. A column vector was made up of the frequency domain signal of each node, and the frequency response function matrix was composed of all of the column vectors.
The frequency response function matrix was input to the statistical analysis software SPSS, in which principal component analysis (PCA) was applied to reduce the dimension of the matrix. The results of the dimensionality reduction under the two working conditions are shown in Tables 1 and 2 , respectively. From Table 1 and Table 2 , we can see that the cumulative variance contribution rate of the third matrix component under the two working conditions has exceeded 85%. Therefore, extraction of the first three principal components meets the requirement for dimensionality reduction. In SPSS, using the method of dimensionality reduction by principal component analysis, the first three principal component coefficients can be derived automatically, and then, the principal components 1 Z`2 Z``P Z can be calculated.
Damage Index
According to the results of the numerical simulation, the frequency domain signals of each node can be regarded as a three dimensional vector before and after the damage. The angle between the two vectors before and after the damage was selected as the damage index. In the analysis of the results, if the angle between the two vectors before and after the damage of a node takes a maximum value, it can be concluded that the damage occurred in the vicinity of the node.
To make the simulation results clearer, the difference between the FRF vector angle and the upper confidence limit was used to judge damage location in this paper. If the calculated result was negative, then the difference was taken to be zero.
Numerical Simulation Analysis
The difference between the FRF vector angle and the upper confidence limit is shown in Figure 2 . As can be seen in Figure 2 , the difference between the FRF vector angle and the upper confidence limit took its maximum values at node 7 and node 16, namely, damage occurred in the vicinity of node 7 and node 16. Therefore, it could be estimated that rod 34, which connected the two nodes, had been damaged. 
Experimental Analysis
Experimental Procedure
In this paper, the working conditions and the size of the experimental model was the same as that of the finite element numerical simulation model. In this experiment, damage detection on the truss structure was divided into two steps: First, with the sensors arranged as shown in Figure 4 , the time domain signal of 20 nodes was obtained by the hammering method. After data processing, we found the suspected damage nodes through the identification result obtained in the first step. Second, based on the suspected damage nodes from the first step, the scope of damage identification was narrowed down to the nodes linked with the suspected 
Experimental Results
The first step: The FRF matrix was input into statistical analysis software SPSS and the dimensionality was reduced using PCA. The results of dimensionality reduction are shown in Table 3 and Table 4 . From Table   3 and Table 4 , we can see that the cumulative variance contribution rate of the 11th matrix component under the two working conditions exceeded 85%; therefore, the first 11 principal components of the FRF were extracted, then, according to equation (3), the principal components 1 Z`2 Z``P Z were calculated. The difference between the FRF vector angle and the upper confidence limit based on the principal components calculated in the first step is shown in Figure  5 . It can be seen from Figure 5 that the difference reached its maximum at the node 16; therefore, it was concluded that damage had occurred in the vicinity of node 16. The second step: The nodes connected to node 16 are numbered 3, 7, 11, 14, 18, 21 and 29. Time domain signals of the 7 nodes before and after the damage were acquired, the FRF matrix was input into statistical analysis software SPSS and the dimensionality was reduced using PCA. The results of dimensionality reduction are shown in Table 5 and Table 6 . From Table 5 and Table 6 , we can see that the cumulative variance contribution rate of the 5th matrix component has exceeded 85%; therefore, the first five principal components of the FRF were extracted, then, the principal components 1 Z`2 Z``P Z were calculated. The difference between the FRF vector angle and the confidence upper limit based on the calculated principal components is shown in Figure 6 . It can be seen from Figure 6 that the difference reached its maximum at node 7; therefore, damage was judged to have occurred in the vicinity of node 7. Combining this result with the identification result of the first step, damage occurred in the vicinity of nodes 7 and 16 and in bar 34, which was linked with nodes 7 and 16. The damage position was consistent with the experimental setup, and the result of the two step method was accurate.
Conclusion
This paper studied a damage detection method for a truss structure based on principal component analysis and the frequency response function. The accuracy of this (1) The structure was excited using the hammering method, and the time domain signal of the structure was extracted. The results showed that the measurement error can be reduced effectively by calculating the average value.
(2) Principal component analysis and the frequency response function were used to process all data, and numerical simulation and experimental analysis verified the effectiveness of the damage detection method. The method and its theoretical basis were provided for the study of similar problems.
(3) In the numerical simulation, time domain signals were extracted for all nodes and frequency domain signals were derived from the time domain signals based on the Fourier transform. After dimensionality reduction by SPSS, the angle between the two vectors before and after the damage was selected as the damage index. The damage location on the truss structure could be determined by the damage index in one step. The accuracy of the damage detection method has been verified.
(4) In experimental analysis, time domain signals of 20 nodes were collected using the method of optimal sensor placement based on the node strain energy participation coefficient, and then damage location detection was divided into two steps in which the scope of the damage range was narrowed gradually. The sensitivity and accuracy of the damage detection method was verified by the experimental results. Furthermore, the method has the prospect of application in practical engineering.
